Abstract. The present study was designed to determine the renoprotective and hepatoprotective effect of lidocaine in septic rats through the Toll-like receptor 4 (TLR4) signaling pathway. Adult male Sprague-Dawley rats were randomly divided into the following three groups: control, sepsis model and 10% lidocaine. A model of sepsis was established by injection of lipopolysaccharide (LPS; 5 mg/kg) into the intraperitoneal cavity of rats. The same volume of saline was injected intraperitoneally into rats of the control group instead of LPS. Light microscopy was used to observe structural changes of the hepatic and nephridial tissues. qPCR was used to measure TLR4 mRNA expression levels and the protein expression was detected by flow cytometry. Western blotting was used to measure myocardial nuclear factor κB (NF-κB) protein levels and ELISA was used to measure the levels of interleukin-6 (IL-6) in hepatic and nephridial tissues. The results demonstrated that 10% lidocaine treatment markedly decreased hepatic and nephridial injury in septic rats and inhibited the expression levels of TLR4, NF-κB and IL-6, which were upregulated in the sepsis model. In addition, the results indicated that lidocaine protects against renal and hepatic dysfunction in septic rats, which may be mediated by the downregulation of TLR4 and associated signaling molecules and inhibition of the inflammatory response.
Introduction
Sepsis is a major cause of multiple organ dysfunction syndromes (MODS) in intensive care units (1, 2) . It is associated with the development of acute multiorgan dysfunction, morbidity and mortality and great increases in treatment expenditure. Sepsis is usually initiated by microbial agents or their products, such as lipopolysaccharide (LPS), an outer membrane component of gram-negative bacteria. Sepsis induces a rapid release of inflammatory mediators, including tumor necrosis factor α (TNF-α), γ interferon, interleukin-1β (IL-lβ) and interleukin-6 (IL-6) (3, 4) , which leads to systemic inflammatory response syndrome (SIRS), MODS and mortality. When SIRS results in MODS and organ failure, the mortality becomes higher and may be >50% (4) (5) (6) .
Local anesthetics have been shown to modulate inflammatory cascades (7) and provide protection from ischemic reperfusion injury in the heart (8) , lung (9, 10) and liver (11) . Local anesthetics are capable of exerting anti-inflammatory effects on various cell types, including monocytes, macrophages and neutrophils (7) . Lidocaine has been used as a traditional local anesthetic in medicine for >100 years. In addition to its anesthetic properties, lidocaine has been shown to attenuate inflammatory responses in vivo and in vitro and to possess anti-inflammatory and -infective effects. Lidocaine may also significantly improve the survival of mice and rats suffering from endotoxic shock (12) and protect them against liver and renal injury resulting from cecal ligation and puncture-induced septic peritonitis (13) . Although lidocaine is crucial for immune function and inflammation, the mechanisms involved in its action are poorly understood.
Toll-like receptors (TLRs) recognize distinct microbial components that initiate the innate and adaptive immune responses. TLR activation culminates in the expression of appropriate proinflammatory and immunomodulatory factors to meet pathogenic challenges. Toll-like receptor 4 (TLR4), the first TLR found in mammals, is important for regulating the immune response and inflammatory reaction (14, 15) . Stimulation of TLR4 by pathogens activates signal transduction pathways that lead to the induction of a range of antimicrobial genes and inflammatory cytokines (16) .
In the present study, the mechanisms of whether the protective effects of lidocaine against LPS-induced renal and hepatic dysfunction in sepsis are associated with the activities of the TLR4 signaling pathway and nuclear factor κB (NF-κB) were explored in vivo. Establishment of a rat model of sepsis that produced sepsis characterized by an initial hyperinflammatory response through lidocaine treatment was attempted in order to assess the relevance between the anti-inflammatory effects of lidocaine-based drugs and their mechanism of action. The Lidocaine protects against renal and hepatic dysfunction in septic rats via downregulation of Toll-like receptor 4 results showed that lidocaine modifies the inflammatory response induced by LPS and affects the outcome from sepsis, which may be via inhibition of the TLR4 signaling pathway and inflammatory response.
Materials and methods
Materials. Lidocaine (10%) was donated by Shanghai Chaohui Pharma Ltd. (Shanghai, China). TLR4 and NF-κB antibodies were purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA). qPCR kits were purchased from Takara Bio, Inc. (Otsu, Japan) and IL-6 ELISA kit was purchased from Mai Biotechnology Institute (Hangzhou, China).
Animal care and treatment. Male Sprague-Dawley (SD) rats (SPF grade; 220-250 g) were provided by the Shanghai Jiaotong University Medical School (SHSMU; Shanghai, China). The procedures for experiments and animal care were approved by the Institutional Animal Care and Use Committee of SHSMU and conformed to the Guide for the Care and Use of Laboratory Animals by the National Institutes of Health (NIH Publication no. 80-23). Animals were maintained under standard laboratory conditions at 22-30˚C and normal photoperiod (12-h dark/light). Adult male SD rats (n=30) were randomly divided into the following three groups: control, sepsis model and 10% lidocaine (5 mg/kg). The sepsis models were established by injection of LPS (5 mg/kg) into the intraperitoneal cavity of rats. The same volume of saline was injected intraperitoneally (i.p.) into rats of the control group instead of LPS. The lidocaine group of rats were treated with 10% lidocaine through tail vein injection, once every 2 h continuously for 24 h following LPS (the administration times were calculated according to the half-time of lidocaine). The rats were then anesthetized with pentobarbital (30 mg/kg; i.p.). All the rats were handled at 24 h as follows: ⅰ) the right eyeball of each model rat was removed to collect a 3 ml blood sample for biochemical tests; and ⅱ) rats were sacrificed, the abdominal cavity was rapidly opened and the appropriate liver and kidney tissues extracted for subsequent examinations.
Blood tests. Venous blood (3 ml) was collected from animals in all the groups. Serum was prepared and stored in aliquots at -70˚C prior to analysis. Serum concentrations of aspartate aminotransferase (AST), alanine aminotransferase (ALT), creatinine (Cr) and blood urea nitrogen (BUN) were determined using a Hitachi Automatic Biochemical Analyzer (Hitachi High-Technologies Corporation (Tokyo, Japan). according to the manufacturer's instructions.
Hematoxylin and eosin (H&E) staining. Tissue blocks were collected randomly from the liver, lungs and kidneys, fixed with 4% paraformaldehyde for ~12 h and embedded with wax. Coronal sections (4 µm) were dewaxed, stained with H&E and examined under light microscopy for histological changes. Digital images were captured.
qPCR detection of TLR4 mRNA expression. Total RNA from the liver and kidney samples was isolated with TRIzol reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's instructions. Reverse transcription was carried out using a RevertAid First Strand cDNA Synthesis kit (Qiagen, Hilden, Germany) and the resultant single strand cDNA was stored at -20˚C for later use in the PCR reactions. qPCR was performed by application of the SYBR ® ExScript ® RT-PCR kit (Takara Bio, Inc. , Otsu, Japan) and using a two-step PCR reaction under the following conditions: 95˚C for 10 sec, 95˚C for 5 sec and 40 cycles at 60˚C for 30 sec. β-actin was used as the housekeeping gene, according to Gene Bank in TLR4 and β-actin (NM_019178 and NM_001101.3). The primers used were: TLR4 forward, 5'-AGCCATTGCTGCCAA CATCA-3' and reverse, 5-ATGCAGGGGTTCTGG-3' (148 bp); and β-actin forward, 5'-CCCATCTATGAGGGTT ACGC-3' and reverse, 5'-TTTAATGTCACGCACGATTTC-3' (150 bp). TLR4 mRNA levels were calculated based on the 2 -ΔΔCt method.
Flow cytometry. Suitable liver and kidney samples were transferred into flat plates with Hank's solution and ground into single cells with a homogenizer. The single cell suspension was filtered with 200 holes grit and cells were centrifuged twice with Hank's solution at 1,000 rpm for 10 min. The supernatant solution was discarded and 0.5 ml distilled water was added for 20 sec, rapidly followed by the addition of 1 ml sodium chloride solution (1.7%) and mixed. Hank's solution (8 ml) was added and cells were centrifuged at 1,000 rpm for 10 min. The cellular sediment was resuspended in Hank's solution. The cell survival rate was detected by trypan blue stain and the cell number was adjusted to 2x10 7 /ml with Hank's solution. TLR4 antibody (0.5 µg) was added into the 100 µl cell suspension, incubated in a dark room at 4˚C for 30 min and then PBS (pH 7.2-7.4) was added to a total volume to 0.5 ml. The cell suspension was mixed gently and then the cells were detected by flow cytometry (Becton-Dickinson, Franklin Lakes, NJ, USA).
Western blotting. Liver and kidney sample lysates were prepared by sonication using a RIPA buffer solution with protease inhibitor (Roche Diagnostics, Indianapolis, IN, USA). Extracts were centrifuged at 12,000 x g and the supernatant was retained. Protein concentrations were determined using the BCA Protein Assay kit (Pierce Biotechnology Inc., Rockford, IL, USA). Prior to loading, 2.5% β-mercaptoethanol and 0.0125% bromophenol blue were added and lysates were boiled for 5 min. The lysed protein was separated by 12% sodium dodecyl sulfate polyacrylamide gel electrophoresis and transferred onto PVDF membranes (Millipore, Billerica, MA, USA) by wet transfer at 200 mA and 4˚C for 2 h. The membrane was blocked with 5% (w/v) non-fat milk in Tris-buffered saline/0.05% Tween (v/v) for 2 h and incubated with the following primary antibodies at 4˚C overnight: anti-NF-κB, 1:1,000; or anti-β-actin, 1:1,000 (as control). The membranes were incubated with the proper radish peroxidase-conjugated secondary antibody at room temperature for 1 h. Immunoblots were visualized using an enhanced chemiluminescence detection kit (Pierce Biotechnology, Inc.).
IL-6 measurement. Liver and kidney tissues were prepared and organized in a UP-200H ultrasounic homogenizer (Hielscher Ultrasonics GmbH, Teltow, Germany). The homogenized liquid was centrifuged at 4,000 rpm for 15 min. The rat IL-6 ELISA kit (Mai Biotechnology Institute) was used for detection according to the manufacturer's instructions.
Statistical analysis. Data are expressed as mean ± SEM. Comparisons of data between groups were made using a two-sample t-test, assuming equal variances. P<0.05 was considered to indicate a statistically significant difference. All data were analyzed using SPSS 10.0 software (SPSS, Inc., Chicago, IL, USA).
Results
Lidocaine reduces mortality and protects renal and hepatic injury in septic rats. To determine whether lidocaine reduces mortality and protects renal and hepatic injury in septic rats, mortality was first assessed in all the groups. By the end of the experiment, all 10 rats had survived in the control group. However, the 5th and 1st rat in the LPS-induced sepsis and lidocaine groups, respectively, had died. Compared with the sepsis group, the mortality rate was significantly lower in the lidocaine group. To evaluate changes in the cellular integrity and functionality of the organs in the various groups, blood tests were performed for renal and hepatic function following sepsis by measuring plasma AST, ALT, Cr and BUN concentrations. For all the parameters tested, the values were significantly elevated in the LPS-induced sepsis group compared with those of the control group of animals. However, lidocaine treatment evidently blocked this elevation in the LPS-induced sepsis group of animals ( Fig. 1A-D) . To validate LPS-induced organ damage, the histological changes were examined in the renal and hepatic tissue of the various groups. No apparent degeneration or necrosis was observed in the control groups. However, injury to the liver and kidneys was serious in the sepsis groups. In the kidneys, nephron atrophy was observed with a large number of proximal tubular epithelial cells with edema in the renal cortex ( Fig. 2A and B) . In the liver, narrowed hepatic central veins, sinusoidal dilatation, congestion, hepatocyte karyopyknosis and necrotic lesions with signs of hepatocyte atrophy were observed in the sepsis groups ( Fig. 2D and E) . No significant improvements of histopathology were identified with the application of lidocaine. Renal and hepatic cells lined up sequentially, cell membrane integrity remained and reduced necrosis or other pathological changes were detected ( Fig. 2C and F) . These results indicated that lidocaine reduces mortality and ameliorates renal and hepatic injury in septic rats induced by LPS.
Lidocaine decreases renal and hepatic TLR4 expression in septic rats. Although lidocaine reduces mortality and protects renal and hepatic injury in septic rats induced by LPS, the mechanisms of whether the protective effects of lidocaine in sepsis are associated with the TLR4 signaling pathway were explored. In the liver of animals, the expression of TLR4 mRNA in the LPS-induced sepsis group was found to be significantly increased when compared with that of the control group, but this increase was markedly eliminated with lidocaine treatment (Fig. 3A) . The changes of TLR4 mRNA expression were also found in the kidneys (Fig. 3B) , further confirming the determination of the protein levels of TLR4 in the various treatment groups (Fig. 4A and B) . These results demonstrated that lidocaine protects against renal and hepatic dysfunction in septic rats via the downregulation of TLR4, indicating that lidocaine may act on the TLR4 signaling pathway.
Lidocaine inhibits NF-κB expression in sepsis.
The signal transduction pathway of TLR4 mediated by myeloid differentiation factor 88 (MyD88)-dependent pathways activating NF-κB is clearly understood. This in turn activates a wide variety of genes responsible for the synthesis of pro-and anti-inflammatory cytokines (17, 18) . To confirm whether NF-κB, an important signaling molecule associated with the TLR4 signaling pathway, is involved in the protection of lidocaine in sepsis, NF-κB levels in the liver and kidneys of animals were detected in the various groups. Western blotting demonstrated that the expression of the NF-κB protein increased markedly in the sepsis groups compared with that of the control group, which was inhibited significantly with lidocaine treatment (Fig. 5A and B) . These results showed that lidocaine inhibited NF-κB activation and that it is involved in the protection of lidocaine in sepsis.
Lidocaine significantly attenuates proinflammatory IL-6 levels in renal and hepatic tissues in LPS-induced sepsis. TLR4 and NF-κB are considered important for the protection of lidocaine in sepsis, however, there has been no direct confirmation that lidocaine decreases the release of pro-inflammatory cytokines in sepsis. Therefore, the levels of IL-6 protein were detected in the liver and kidneys of animals in the various groups. As predicted for the TLR4 signaling pathway, the levels of IL-6 in the sepsis group were significantly increased compared with those of the control group, whereas, this increase was notably eliminated with lidocaine treatment in the liver (Fig. 6A) and kidneys (Fig. 6B) of animals. These results demonstrated that lidocaine significantly attenuates proinflammatory IL-6 levels in the liver and kidneys in LPS-induced sepsis via inhibition of the TLR4 signaling pathway.
Discussion
The results of the current study have demonstrated that there is a complete TLR4-NF-κB proinflammatory cytokine signaling pathway involved in the pathological process of renal and hepatic injury in sepsis. Lidocaine provides significant protection from acute renal and hepatic dysfunctions and attenuates the hyperinflammatory response associated with rat sepsis induced by LPS via the inhibition of the TLR4-NF-κB proinflammatory cytokine signaling pathway.
The most important pathogenic mechanism underlying sepsis is immune deregulation (19) . TLRs are pathogen-associated molecular pattern recognition molecules that are crucial for innate immunity as the first defense system against microbial infection (20) . TLR4, the first TLR found in mammals, is presented mainly by polymorphonuclear leukocytes, monocytes, macrophages and dendritic cells (21, 22) , as well as various other cell types, including epithelial and endothelial cells (23) (24) (25) . Different TLRs recognize various pathogen-associated molecular patterns, with TLR4 mediating the response to LPS from gram-negative bacteria (26) (27) (28) . The signal transduction pathway of TLR4 is mainly mediated by MyD88-dependent pathways to activate NF-κB (29) . NF-κB is one of the most important regulators of proinflammatory gene expression. During inflammation, NF-κB regulates the transcription of proinflammatory genes and enzymes under signals received by TLRs (30) (31) (32) . The stimulation of TLR4 by LPS induces the release of critical proinflammatory cytokines that are necessary to activate potent immune responses (33) (34) (35) (36) .
Based on the experimental results of the present study, we hypothesized that TLR4/NF-κB may be involved in the inhibition process of lidocaine in sepsis. To address this possibility, LPS was introduced to establish the septic model. The amount of renal and hepatic cell surface TLR4 protein increased the sensitivity of cells to LPS. Lidocaine almost completely blocked LPS-triggered NF-κB activation in renal and hepatic tissues in sepsis. This demonstrated the functional involvement of TLR4 in the signal transduction pathway of lidocaine in LPS-induced sepsis. Thus, it appeared that the TLR4-dependent signaling pathway is involved in lidocaine-induced inhibitory effects. TLR antagonists have previously been found to block components of the immune response that are necessary to ward off subsequent infection and to overcome the septic state (37) . Moreover, TLR4-deficient mice were hyporesponsive to LPS (38, 39) . Previously, Johnson et al have shown that the ability of heparin sulfate and pancreatic elastase to induce SIRS is greatly reduced in TLR4-mutant mice, indicating that SIRS may be induced by signaling through TLR4. These results from transgenic mice highlighted further support for a contribution of specific TLRs to the pathogenesis of SIRS (40) .
Synthesis of cytokines, including TNF-α, IL-1β and IL-6, are mediated by NF-κB and the current study found that lidocaine inhibited LPS-induced IL-6 production and downregulated TLR4 and NF-κB. Thus, we hypothesized that the NF-κB signaling pathway is involved in the lidocaine-mediated signaling pathway. Stimulus-induced NF-κB activity is the central mediator of inflammatory responses. LPS-stimulated NF-κB transcription activity was investigated in all groups. It was found that NF-κB transcription activity was increased significantly following treatment with LPS in sepsis, which was inhibited by lidocaine. We hypothesized that the lidocaine-induced anti-inflammatory response is involved in signaling mediated by the NF-κB signaling pathway.
It is well known that mortality in sepsis is markedly affected by the development of organ injury and dysfunction (41) . There exists ample evidence of the potent anti-inflammatory effects of lidocaine (13, 42) . In a previous rabbit model of lung injury, Takao et al demonstrated that lidocaine injection decreased various chemotactic factors, which resulted in reduced neutrophil infiltration (43) . In a separate study, lidocaine and bupivacaine inhibited the release of inflammatory mediators leukotriene B4 and interleukin-1 from human neutrophils and monocytes (44) . In concordance, the present study showed that lidocaine injection not only decreased mortality in LPS-induced sepsis, but also significantly reduced the magnitude of renal and hepatic injury. Lidocaine has the ability to decrease Cr, BUN, ALT and AST, indicating that the protection conferred by lidocaine is global and not restricted to a particular organ. IL-6 is a prototypic example of a proinflammatory cytokine that is important for propagating a host of secondary inflammatory cascades. The current study has demonstrated that lidocaine injection resulted in a marked decrease in circulating concentrations of IL-6 in septic rats.
Overall, investigating TLR4/NF-κB-regulated proinflammatory cytokine and enzyme expression is a good strategy for novel anti-inflammatory drug development. Lidocaine may decrease renal and hepatic tissue TLR4 expression and provide global protection from organ injury and dysfunction resulting from sepsis. The exploration of the protective function of lidocaine to sepsis and its mechanism has great significance in the field of emergency medicine.
